We present the measurement of charge transport through phenylene conjugated molecules using electromigrated nanogap junctions. To elucidate the intrinsic transport properties of the conjugated molecular junctions, a variety of molecular transport techniques were performed at low temperature, including inelastic electron tunneling spectroscopy, temperature-and length-variable transport measurements, and transition voltage spectroscopy. Such a self-consistent characterization of the molecular junction demonstrates the observation of intrinsic molecular properties in these junctions.
I. INTRODUCTION
Charge transport through conjugated organic molecules is a field of intense investigation and, until now, a number of different experimental strategies have been exploited in an effort to understand how the molecules transport charge carriers at the single-molecule level.
1-3 Many of these experiments involve connecting the molecules to metal electrodes with a nanometer-sized gap (nanogap). Here we report a study of charge transport characterization of phenylene conjugated molecular series using the electromigrated nanogap junctions. The nanogap fabrication is performed by the controlled passage of a large electrical current through the thin metal wire predefined by electron-beam lithography, causing the electromigration of metal atoms and eventual breakage of the metal wire. 4 In particular, primary focus is made on a coherent tunneling regime, a well-established molecular transport picture where molecular levels remain far above and below the relevant Fermi level of the electrodes, and then the tunneling transport is dominated by the nearest molecular level. In the context of molecular electronics, in which the ultimate aim is to construct the circuitry based on the prescribed electronic function of single molecules, it should be highly desirable to demonstrate intrinsic charge transport through molecular junctions, that is, the transport properties originating from the component molecules, but not other parasitic effects such as impurity-mediated transport. 5, 6 
II. EXPERIMENTAL METHODS
The nanogap devices were fabricated by the well-known electromigration technique of fracturing a continuous metal wire.
4 Electron-beam lithography and lift-off are used to create 15 nm-thick Au wires with widths of about 50-100 nm at their narrowest constriction, as shown in Fig. 1(a) . After the samples were cleaned in oxygen plasma for 1 min, molecular deposition on the Au surface was performed in a dilute solution (1 mM) of phenylenedithiols in 10 mL ethanol for 24 h, inside a nitrogen-filled glovebox with an oxygen level of < 10 ppm. In this experiment, transport measurements were made on phenylenedithiols with one, two, and three phenyl rings: benzenedithiol (BDT), dibenzenedithiol (DBDT), and tribenzenedithiol (TBDT) molecules. Chemical structures of each molecule are displayed in Fig. 1(b) . Before use, each sample was rinsed in ethanol and gently blown dry in a nitrogen stream to remove noncovalently attached molecules.
The electromigration-induced breaking process, and subsequent transport and inelastic electron tunneling spectroscopy (IETS) measurements were carried out at 4.2 K, with a custom-built cryogenic measurement apparatus. The devices (deposited with the molecules as described above) are mounted onto a 28-pin leadless chip carrier socket on the sample stage inside a vacuum chamber that is evacuated and purged with He gas before being lowered into a liquid He storage Dewar. The electromigration proceeded to form electrode pairs with a nanometer-scale separation by ramping up a dc voltage as shown in the inset of Fig. 1(a) , across which the molecules are occasionally attached. The electromigrated break junctions have potentially been regarded as a single or very few molecules junction. 4 To measure the current (I)Àvoltage (V) characteristics, we used a 16-bit digital-toanalog converter for bias voltages, and a low-noise current amplifier (Ithaco 1211) followed by a digital multimeter (Agilent 34 410) for current measurement. The IETS (d 2 I/ dV 2 ) spectrum was directly measured using a lock-in amplifier (Stanford Research Systems 830) and a homebuilt currentÀvoltage sweeper controlled by a computer running via GPIB. An ac modulation of 7.8 mV (root-mean-square) at a frequency of 1033 Hz with a lock-in time constant of 1 s was applied to the sample to obtain the second harmonic signals, proportional to d 2 I/dV 2 .
III. RESULTS AND DISCUSSION
In this study, we have focused on the devices showing reproducible symmetry I(V) curves with a sigmoid shape, 7 indicating a typical coherent tunneling feature of a molecular junction with strong moleculeÀelectrodes coupling. [8] [9] [10] In what follows, we show the molecular contribution to charge transport in these junctions by performing a variety of molecular transport techniques. The yield of devices that indicate molecular effects (see discussion below) was $5%.
The temperature-variable I(V) measurement is necessary to examine the charge transport mechanism for molecular junctions.
11,12 Figure 2 shows a representative temperaturevariable I(V) characteristic of AuÀBDTÀAu junctions measured using the aforementioned nanogap device structures. The I(V) curves were measured between 4.2 and 90 K, and no temperature dependence was observed. The temperatureindependent I(V) behavior is a clear manifestation of tunneling, and eliminates many other potential alternative mechanisms such as thermionic emission or hopping conduction. The tunneling transport can also be verified by examining the dependence of conductance on the molecular length. [11] [12] [13] [14] [15] For nonresonant tunneling, the conductance (G) will show an exponential decrease as the molecular length increases according to Eq. (1) G $ expð À bdÞ;
(1) where d is the molecular length and b is the tunneling decay coefficient. Other length dependencies of conductance are possible, indicative of alternative transport mechanisms; for example, the conductance is expected to scale linearly with the molecular length in the case of hopping conduction. 12 In Fig. 3(a) performing least-squares linear fit from low-bias regimes (À0.1 V V 0.1 V) of I(V) curves, as shown in the inset of Fig. 3(a) . Figure 3(b) shows statistical histograms for the conductance values. In the logarithmic histograms, the data only within the standard deviation (r; dashed lines) for the mean value (m; solid lines) (i.e., in the range between m þ r and m À r) are used to generate Fig. 3(a) (and thus to obtain a b value; see below). In accordance with Eq. (1), Fig. 3(a) shows that a semilog plot of the conductance values versus the molecular length (the number of phenyls) is linear, in which each data point represents the average of data selected with the one r criteria as described above, and the error bars are the standard deviation for the selected data. We found a b value of 1.54 per phenyl ring (¼ 0.36 Å
À1
) from the linear fit in Fig.  3(a) . This b value is in good agreement with the previously reported values for a series of oligophenylenes in literature.
3,15
Indeed, a nonresonant tunneling mechanism for the shortlength molecules of phenylenedithiols or other conjugated series has been extensively confirmed in various testbeds for molecular transport experiments, 3, 12, 15 indicating that the Fermi level of the electrode lies deep within their highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap, and thus a considerable energy barrier against transporting charge carriers across the molecular junction is created.
Inelastic electron tunneling spectroscopy (IETS) has been introduced as a primary tool for identification of the component molecules present in molecular junctions, [16] [17] [18] [19] analogous to infrared and Raman spectroscopy for macroscopic samples. In IETS, an inelastic tunneling channel is open, in addition to the elastic one, above the excitation threshold |eV| ¼ X for a molecular vibration (where e is elementary charge, V is applied bias, and X is vibrational energy). 20 The conductance change caused by the opening of the inelastic channel at |eV| ¼ X can be clearly observed as reproducible features (usually peaks) in the second derivative d 2 I/dV 2 plotted against V. 20 Figure 4 shows a representative IETS spectrum of Au-BDT-Au junctions. A standard ac modulation technique with a lock-in amplifier was carried out at 4.2 K to directly acquire the second (d 2
I/dV
2 ) harmonic signals. The spectra are stable and reproducible upon successive bias sweep, and the same vibrational peaks are observed repetitively for other BDT junctions. We assign the observed spectral features to specific molecular vibrations by comparison with previously reported infrared, Raman, and IETS measurements, and also by density functional theory calculations. In the IETS spectrum of the BDT junction, three prominent peaks reproducibly appear at 96, 142, and 201 mV, which correspond to c(C-H) aryl out-of-plane bending, m(18a) stretching, and m(8a) stretching modes, respectively. These modes originate from vibrations of the phenyl ring. A theoretical study predicted that the m(18a) and m(8a) ring modes should have the strong vibronic coupling in phenylene molecules, 21 and is consistent with our results. Also, the dominance of aromatic ring modes in IETS spectra has been experimentally observed for various conjugated molecules. 17, 22 The fully assigned IETS spectrum provides an unambiguous experimental evidence of the existence of the desired molecules in the junction, without anything else. Taken together with the tunneling dependencies, this suggests that the IETS-identified molecule is the only thing in the junction through which tunneling is occurring.
Transition voltage spectroscopy (TVS) has recently become a popular method as a spectroscopic tool for molecular junctions 19, [23] [24] [25] and other diverse nanoelectronic systems. [26] [27] [28] Specifically, TVS is used to give insight into the energy offset between the contact Fermi level and the nearest molecular level responsible for charge transport in molecular junctions by measuring a transition voltage (V trans ) required to generate inflection behavior of a FowlerÀNordheim plot, the corresponding analysis of ln(I/V 2 ) against 1/V for I(V) characteristics. Figure 5 shows the measurement of V trans for BDT, DBDT, and TBDT. To make ) against 1/V, in which an inflection point denotes V trans (as indicated by the arrow). V trans for phenylenedithiols is summarized graphically in Fig. 6 . Our TVS measurements explicitly show that V trans decreases with molecular length for phenylenedithiols. In general, the HOMO-LUMO gap of p-conjugated molecules is known to decrease with an increase in conjugation length. 29 It is thus reasonable to expect longer conjugated molecules to exhibit a smaller value of V trans than shorter conjugated molecules within a given molecular series. Beebe et al. previously showed that V trans decreases with the increasing molecular length of conjugated molecules, 24 as well as a decrease in the energy offset between the contact Fermi level and the nearest molecular level with extending conjugation, determined by ultraviolet photoelectron spectroscopy measurements. 23 Our electromigrated-gap TVS measurements are consistent with these results, providing additional verification of this technique for probing intrinsic molecular properties in these conjugated molecular junctions.
IV. CONCLUSIONS
We have demonstrated intrinsic charge transport properties of phenylene conjugated molecules employing the electromigrated nanogap junctions. The temperature-independent I(V) characteristics and the exponential decay of conductance with molecular length indicate that nonresonant tunneling is a dominant charge transport mechanism for the short-length conjugated molecules. We have also shown the completely assigned IETS spectrum in which all of the spectral features are attributable to vibrational modes associated with the molecular species. Moreover, TVS measurements for the phenylene series have shown that V trans decreases with extending conjugation length, which is consistent with a decrease in energy offset between the contact Fermi level and the nearest molecular level with extent of delocalization across conjugated molecules. 
